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When looking to the future of electronics, one characteristic is becoming more lucrative: high 
temperature capabilities. With the goals of not only becoming more efficient electronically, 
spatially, and cost-wise, adapting electronics for a high temperature environment can potentially 
be a route to all three of these goals. Not only does it take away the need for a cooling method, but 
it can also increase the longevity of a product which can make it even more cost effective. In an 
effort to contribute to the push for high temperature electronics, the University of Arkansas is 
developing a high temperature power module for use in various extreme environments. This 
includes the design of a two-stage transimpedance amplifier (TIA) to take input from an 
optocoupler and convert it to a useable gate drive signal for amplification. The tradeoffs in creating 
a TIA must be considered: gain and bandwidth, where a larger bandwidth results in less gain  and 
also becomes more complex as more stages are added. Adding a second stage may increase the 
speed and gain of the amplifier, but this must also be evaluated with the increase in complexity in 
cost. So long as the cost is not so much more benefits the entire system as a whole, producing a 
clean gate drive signal for use at room temperature, it may be beneficial to employ this second 
stage. This can be adapted into high temperature circuitry for integration into the power module 
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Chapter 1: Introduction 
 
The development of advanced power electronics is exponentially advancing, with one particularly 
attractive innovation of interest: High Temperature Electronics. Traditional silicon devices are 
typically limited to reliable operation at 125 °C or below as beyond this temperature the materials 
used to create these electronics begin to degrade. This includes the melting or breakdown of 
polymers and solders which are frequently used in these devices [1]. In silicon based devices 
specifically, higher temperatures resulted in higher threshold voltages and reduced switching as 
the result of increased intrinsic carriers in the silicon which also increases the leakage current at 
higher temperatures [2]. However, electronics are used in a variety of environments, including 
vehicles, renewable energy plants, and space transportation. If power modules are able to operate 
at extreme temperatures without the need of a cooling mechanism, the size and cost of the device 
itself may be reduced, as well as increasing the lifetime of the device. One particular example 
where this would be useful is in hybrid vehicles that need significant thermal management in areas 
such as near the breaks or other thermally intense areas in electric or hybrid vehicles. As this is the 
case, the University of Arkansas has been developing a high temperature power module with a 
rating of 1.2 kV / 120 A and operation up to 250 °C with potential to expand to 300 °C. The whole 
power module must be designed for high temperature, as if even one component is not capable of 
operating at these temperatures, the whole device could potentially fail and negate the purpose of 
the mechanism entirely.   
 
The primary focus of the power module can be broken down into its five different parts. First, the 
optocoupler, which when designed with packaging made of low temperature cofired ceramic 
(LTCC) can withstand the specified temperatures. Then, an amplifier circuit to convert the output 
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current of the optocoupler into a voltage signal at the appropriate level for the gate driver to use. 
Then, a gate driver to drive the signal to the input terminals of the power module. The final two 
sections are simply passive sections of the amplifier and finally, the input terminals of the power 
module. Given that each section is being designed meticulously for high temperature operation, 
the capacity of this power module to provide more reliability and efficiency given a decrease in 
thermal resistance and careful design to obtain low parasitic inductance. This should provide more 
signal stability and low power losses, as the thermal resistance is much lower than the current high 
temperature modules on the market. 
 
A critical portion of this module is the amplification of the current signal from the optocoupler, 
which provides the input PWM signal to the gate driver. This is what this project will focus on, 
amplifying the signal output of the optocoupler using a transimpedance amplifier. The goals of 
this two stage TIA are to reduce propagation delay, rise time, fall time, and increase overall 
efficiency of the amplifier stage of the power module. This must also be applicable at higher 




Chapter 2: Theoretical Background 
 
A. Introduction 
In order to transfer a signal from point A to point B, a wire can be connected. However, because 
of many factors, it is not so simple, as there may not be a clear path from point A to point B. As a 
result, signal isolation must be performed in order to remove any possible errors caused by noise 
and signal interference. This also protects low voltage components from damage. One common 
solution in the digital world is an optocoupler which combines an LED with a photodiode in order 
to relay a digital signal without the need of a physical connection between the two points from 
which a signal must be relayed.  
 
B. Model of Photodiode 
A simple photodiode can be modeled using components that can be easily simulated and tested. It 
is represented by “a current source in parallel with an ideal diode” [3]. It is also represented with 
a junction capacitance, shunt resistance, and finally, a series resistance that all come together to 
model the characteristics of a photodiode. This is represented in Fig. 1. 









Each of the capacitances and resistances represents values that affect the response time of the 
component and are calculated using the physical characteristics of the photodiode. First, the series 





+ 𝑅(                                                         (1) 
In equation 1, WS is the thickness of the substrate, Wd is the width of the depleted region, A is the 
diffused junction area, 𝜌 is the resistivity of the substrate in the diode, and RC is the metal contact’s 
resistance. The value of this resistance is ideally zero, but it will likely be between 10 and 1000 Ω 
due to the non-ideal metal contacts [3]. 
 
The junction capacitance models the effect of the boundaries of the depletion region that act as the 
plates of a parallel plate capacitor. As it is the boundaries that create this capacitance, that diffused 
area directly affects the junction capacitance, and therefore they are directly proportional. Equation 









                               (2) 
 
Wd is the depletion depth, which can be calculated using the following equation: 
 
𝑊0 =	*2𝜖1𝜖2𝜇𝜌(𝑉' + 𝑉34)                                                  (3) 
 
In both equations 2 and 3, 𝜖2 is a constant, the permittivity of free space, 𝜖1 refers to the dielectric 
constant of the detector material, and 𝜇 refers to the mobility of the electrons at 300 K. 𝜌 refers to 
 10 
the resistivity while Vbi is the built in voltage of that material. Finally, VA references the applied 
bias. The value of the junction capacitance determines the speed of the response of the photodiode, 
and directly influences the characteristics being investigated [3]. 
 
The shunt resistance is not calculated, rather, it is experimentally obtained by measuring the 
current when applying a small signal voltage of approximately 10 mV, and using this value to 
calculate the shunt resistance. Ideally, this shunt resistance is infinitely large, but realistically it 
ranges from 10’s of MW to 1000’s of MW. This value primarily affects the noise current in the 
photodiode [3]. All of these values dramatically impact the output of the photodiode and affect the 
current output by the optocoupler being used. The current output of the optocoupler is 
approximately 500 uA, so this will be the initial value used when designing the amplifier. 
 
C. Transimpedance Amplifier 
 
Figure 2. Stage One of Second Order TIA [4] 
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In order to use the current output by the photodiode, a transimpedance amplifier should be used to 
convert the photodiode current output into a voltage useable by the gate driver in the power 
module. TIAs receive an input current and convert this to an output voltage, which is characterized 
as transimpedance gain [5]. There are many variations of these TIAs, with tradeoffs between each 
of the types. As the goal of this project is to reduce noise in the signal and also reduce the delay 
time of the signal, these are what the TIA will be designed for. 
 
First, the gain of the amplifier in its conversion from current to voltage should be noted as the 





This equation expresses that the gain RT is a ratio of the change in output in response to the change 
in input. For example, “a gain of 1 kΩ means the TIA produces a 1-mV change in the output in 
response to a 1-uA change in the input.” [5]. However, the output voltage of the amplifier will be 
equal to the input current multiplied by the feedback resistor, which is a simple application of 
ohm’s law. Therefore, knowing the input range of the optocoupler and the desired output, we can 
calculate the value of the feedback resistor. However, we are using a two stage design, where the 
first stage has simply a 1k resistor as the feedback resistor with a capacitor to reduce oscillation 
and ringing at the limits of the signal. Then, the second stage is used to amplify this conversion 
from current to voltage signal to the desired output, which in this case is a 0V to 4V square wave. 
Using two stages should improve the propagation delay, rise time, and fall time of the amplifier, 
as splitting the functions simplifies the purpose of each stage, and the operation of the TIA stage 
is not fully dependent on one amplifier.  
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D. Propagation Delay 
Propagation Delay in power modules can have a massive effect on efficiency and output current 
of amplifiers, and for the purposes of this module specifically, this is a major concern.  
 
Table 1. Rise and Fall Time Effect on Power Dissipation in CMOS Amplifiers [6] 
𝜏: 		𝑜𝑟		𝜏;	(𝑛𝑠) 𝐼<=	(𝜇𝐴) 𝑃	(𝜇𝑊) 
0 32.0 160.0 
1 31.9 159.5 
2 33.3 166.5 
3 35.1 175.5 
4 37.2 186.0 
 
Table 1 shows the correlation in increase and propagation delay in amplifiers. While this appears 
minor in the application shown in the table, this power module is outputting much higher 
magnitudes of current, which results in also higher power losses as the result of propagation delay.  
 
Propagation delay is also massively affected by temperature which is another focal point of this 
project, making sure this module functions at a high temperature level. However, this delay in ICs 
directly depends on junction temperature and supply voltage, which means that as temperature 
increases beyond room temperature, the propagation delay will be affected [6]. Typically, these 
ICs should not have a higher junction temperature than 150 °C, but these will eventually be 
operated at up to at least 250 °C. As propagation delay increases approximately linearly with 





E. TIA Design 
For the purposes of this experiment, the OPA211 will be used as the amplifier in the 
transimpedance amplifier, as it is a fairly typical amplifier with a wide variety of applications and 
it has a simulation profile available for use in PSPICE’s simulation software. It can also operate in 
temperatures up to 210 °C The first stage was adjusted until no ringing was present in the output 
signal given the 0 to 0.5 mA input, which is typical of the optocoupler as it stands at this moment 
in time. The circuit designed in PSPICE using the OPA211 is shown in the figure below. 
Figure 3. Two Stage TIA Schematic 
When a 500 µA, square pulse is input to the circuit, the schematic can be simulated in order to 
predict the behavior of the PCB, and can be used to test various feedback capacitor values as well 
as different gains for the second stage of the amplifier. The resulting output after the second stage 
can be seen in Fig. 4(a) and 4(b) where the ringing was reduced theoretically completely, and the 






Figure 4(a). Simulation Input Current and Output Voltage v. Time 
Figure 4(b). Simulation Output Voltage v. Time 
These results were achieved using a 10 nF feedback capacitor in parallel with a 1 kΩ resistor for 
the first stage of the TIA, and a gain of -7 on the second stage of the TIA. A slight propagation 
delay is evident from the waveforms shown, where the rising edge slants to the right just slightly. 
However, the delay in simulation is very small and nearly negligible. It is expected, however, that 
in less than ideal conditions there will be a much different rise time and fall time than expressed 
in simulation. This behavior is approximately the same at higher frequencies, with the exception 
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of having a noticeably higher rise and fall times as shown by the corners clipping in Fig. 5. This is 
typical of frequencies between 10 kHz and 40 kHz. 
Figure 5. Simulation Voltage Output v. Time, 10 kHz 
However, when moving into even higher frequencies such as 100 kHz, the wave becomes unusable 
as a result, and should be watched closely for when testing.  
Figure 6. Simulation Voltage Output v. Time, 100 kHz 
Figure 6 demonstrates the ringing and oscillation seen at high frequencies because of the value of 
the feedback capacitor, and the noise that can result from massive propagation delay as seen in this 
simulation. Keeping these in mind, the physical PCB should now be tested.  
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Chapter 3: PCB Fabrication 
The PCB was designed with several variations in mind, where many versions of the TIA could be 
tested without refabricating the board. This PCB circuit can be seen in Fig. 7. 
Figure 7. PCB Schematic 
In this schematic, a current input will simulate the output of the LTCC optocoupler, R7 will be       
1 kΩ, and the combined values of C1 and C2 will be equal to 10 nF. For the second stage, R3 and 
R6 are both shorted so that the signal can pass through without the need for a resistor, while the 
values of R10 and R11 are 1 kΩ and 7 kΩ respectively. The output capacitor is valued at 1 nF. 
Both P2 and P3 will be jumped, and the output wave can be tested at P4. The supply voltage for 
the amplifiers is +/- 15 V, which complies with the limits of the OPA211’s supply limits. This 
reflects the circuit design in Fig. 2, and is the circuit being tested as shown in Fig. 8, the image of 
the PCB.  
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Figure 8. Completed PCB for Testing  
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Chapter 4: Experimentation and Results 
For each measurement, a square wave of approximately 500 uA was input to the circuit, and +/- 
15 V was supplied to both OPA 211 integrated circuits. The rise, fall, and delay time were all 
measured using these inputs, and recorded into table 2 for reference.  
Table 2. Time Response to Frequency 
 1 kHz 5 kHz 10 kHz 20 kHz 25 kHz 50 kHz 100 kHz 
Rise Time 3 us 2.6 us 2.2 us 2.6 us 2.4 us 2.6 us 2.6 us 
Fall Time 6 us 2.4 us 1.8 us 1.8 us 2.2 us 2.6 us 3 us 
Time Delay 4 us 2.2 us 2.4 us 2.6 us 3.2 us 2.4 us 2 us 
Figure 9. 1 kHz Response Waveform 
In Figure 9, the input is in yellow and the output is in green. There are a few things to be observed. 
First that the input waveform is not perfect, as on the falling edge there appears to be a stutter in 
the pulse. This only occurred when the ICs were turned on and we can only assume that this is 
why that oddity in the waveform occurred. This continues and will be seen at other frequencies at 
a larger capacity. The other issue is that the output waveform does not stop at 4 V, but rails out at 
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positive 15 V. The gain could be adjusted in the second or first stage, but for now the board was 
left in the state as designed. The output at various frequencies can be seen in Fig. 10 – Fig. 13. 
Figure 10. 5 kHz Response Waveform 
Figure 11. 10 kHz Response Waveform 
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Figure 12. 20 kHz Response Waveform 
Figure 13. 50 kHz Response Waveform 
The pattern in the waveforms is clear: ringing massively increases in proportion to frequency 
increases, just as the simulations pictured. However, the experimentation waveforms also show 
ringing and oscillation on the rising and falling waves with more intense oscillation with higher 
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frequencies. It becomes entirely ringing towards 100 kHz, and nearly makes the input waveform 
unrecognizable.  
 
The other obvious trend is that past 1 kHz, the rise, fall, and delay times remain close together, 
regardless of the increase of frequency. This is pictured in Fig. 14. This means that the output 
waveform is trapezoidal rather than square, which is not desirable in terms of the purpose of this 
amplifier. This may be difficult to avoid, however, as those are largely dependent on the 
characteristics of the ICs rather than the circuit design itself. Although the output did not match 
the simulation, the lower frequencies closely matched their input counterparts and the ringing only 
began to appear at higher frequencies. This could be fixed with a larger capacitor, which could 
have different effects on the waveforms at lower frequencies. This would be another good 
experiment, where the capacitor value is changed to investigate ringing and oscillations at different 
frequencies.  
Figure 14. Time Response vs. Frequency 
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Chapter 5: Improvements and Future Research 
 
It is well known that the tradeoff between power and bandwidth is the catch to the otherwise well 
designed solution to convert a current signal to a voltage signal that is the transimpedance amplifier 
[7]. When more bandwidth is desired, more power is necessary to achieve this, as if more 
additional stages were added, more bandwidth would be possible and the signal would have much 
less noise in a larger range of frequency. However, this would sacrifice the low power 
characteristic of the TIA as it stands, and it would be more expensive to operate. This is the tradeoff 
at hand, but if a more precise result is desired, low power must be sacrificed. It would improve the 
rise, fall, and delay time while also reducing additional oscillation and noise.  
 
Another strategy to reduce noise and ringing besides additional stages is to employ a large 
feedback resistor, as this sets “a low white noise floor” [8]. According to Li, when employing the 
two stage design, the transimpedance amplifier should be followed by the main amplifier which 
applies the majority of the gain, while the transimpedance amplifier is focused primarily on 
achieving the “minimum viable value” for the bandwidth [8]. This means that the primary 
amplifier should be designed for a greater bandwidth that encompasses the TIA bandwidth so the 
signal is not compromised. This could solve many of the noise issues experienced by the current 
design and improve the functionality for use in a high temperature environment.  
 
The next step would be to design the board for a high temperature environment, using the working 
passive values and still the OPA 211, as it is operational up to 210 °C [9]. This would limit the 
testing to that temperature, but the rest of the elements could be tested up to this point, and the 
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goal would be to replicate the room temperature results at all of these temperatures. This two stage 
amplifier is meant to be incorporated into the whole of the high temperature power module and as 
such should be able to operate at the desired temperature. This would mean finding an amplifier 
operable up to 250 and/or 300 °C, which are still in development. Currently one of the highest 
temperature amplifiers available is the HT1104, but even that is operable up to 225 °C and also is 
very expensive [10].This would be the primary concern for adapting this design for high 
temperature application, is simply finding an amplifier that would be capable of the functions 
needed while still being affordable. One element of research in the future would be to design an 
extremely high temperature amplifier, as these are more scarce than other high temperature parts 
and are very expensive at these high temperatures. This could very easily be a separate research 




Chapter 6: Conclusion 
The two stage transimpedance amplifier is effective in taking the isolated current signal and 
making it into a useable gate drive signal for the gate driver circuit in the power module. While 
being more complex than a simple one stage, it offers benefits that make the complexity worth the 
trouble, such as increasing bandwidth and speed. This makes the power tradeoff also worth the 
trouble, as two amplifiers require more power than just one. The benefits of two stage outweigh 
the cons, and therefore make its usage viable. The trouble comes when adjusting the circuit for 
high temperature, as high temperature amplifiers can cost a lot of money and may require 
evaluation of one stage vs. two stage again, as a two stage high temperature amplifier would be 
double the cost, and given a very expensive amplifier may no longer be worth the cost. As it stands, 
the current circuit can be adapted for  up to 210 °C given the implementation of a high temperature 
circuit board and  high temperature passive elements.  
 
For future research, more stages could be employed in the design to both increase bandwidth and 
decrease noise, as long as the time response was not impacted by these additions. This could 
include changing the initial shunt resistance or adding an additional stage in order to reduce noise 
and increase the viability of the circuit for application in the power module. When transformed 
into the high power variant, two stage TIA as part of the power module will be part of the 




[1] P. L. Dreike, D. M. Fleetwood, D. B. King, D. C. Sprauer and T. E. Zipperian, "An overview 
of high-temperature electronic device technologies and potential applications," in IEEE 
Transactions on Components, Packaging, and Manufacturing Technology: Part A, vol. 
17, no. 4, pp. 594-609, Dec. 1994, doi: 10.1109/95.335047 
[2] Palmer, D., & Heckman, R.C. (1978). Extreme Temperature Range Microelectronics. IEEE 
Transactions on Components, Hybrids, and Manufacturing Technology, 1, 333-340.  
[3] OSI Optoelectronics. (2020). Photodiode Characteristics and Applications. 
http://www.osioptoelectronics.com/application-notes/AN-Photodiode-Parameters-and-
Characteristics.pdf 
[4] Baker, B. (2017, June 28). How to Design Stable Transimpedance Amplifiers for Automotive 
and Medical Systems. Digikey. https://www.digikey.com/en/articles/how-to-design-
stable-transimpedance-amplifiers-automotive-medical-systems 
[5] Razavi, B. (2012). Design of Integrated Circuits for Optical Communications (2nd ed.). 
Wiley. 
[6] Wanhammar, L. (1999). DSP Integrated Circuits (1st ed.). Elsevier Gezondheidszorg. 
[7] A. Hiratsuka, A. Tsuchiya and H. Onodera, "Power-bandwidth trade-off analysis of multi-
stage inverter-type transimpedance amplifier for optical communication," 2017 IEEE 
60th International Midwest Symposium on Circuits and Systems (MWSCAS), Boston, 
MA, USA, 2017, pp. 795-798, doi: 10.1109/MWSCAS.2017.8053043. 
[8] D. Li et al., "Low-Noise Broadband CMOS TIA Based on Multi-Stage Stagger-Tuned 
Amplifier for High-Speed High-Sensitivity Optical Communication," in IEEE 
 26 
Transactions on Circuits and Systems I: Regular Papers, vol. 66, no. 10, pp. 3676-3689, 
Oct. 2019, doi: 10.1109/TCSI.2019.2916150. 




[10] Honeywell. (2015). High Temperature Quad Operational Amplifier HT1104. 
https://aerospace.honeywell.com/content/dam/aero/en-
us/documents/learn/products/microelectronics/datasheet/ADS-14254-
HighTemperatureQuadOperationalAmplifierHT1104-Datasheet.pdf 
 
